search for neural inducing molecules produced by contribute a subthreshold neuralization (see below; Spemann's organizer. A variety of approaches has Doniach, 1995; Harland, 1997) . Expression of dominantyielded a number of promising candidates, and more negative FGF receptor blocks neural induction by nogseem certain to follow. The first was noggin, a secreted gin or chordin (Launay et al., 1996; , protein without previously known relatives or structural yet does not eliminate neural structures in vivo (Amaya motifs, identified through an innovative functional library et al., 1993; Kroll and Amaya, 1996) . On the other hand, screen (Smith and Harland, 1992) . Noggin can induce basic FGF is a powerful posteriorizing agent, altering neural tissue in ectodermal explants (animal caps), both the character of neural tissue induced by other means as an injected RNA and as a soluble protein (Lamb et al., (Cox and Hemmati-Brivanlou, 1995; Lamb and Harland, 1993) . It does so without first inducing dorsal mesoderm, 1995) . Thus FGF signaling appears to have a role in which could act as source of secondary inducing sigearly neural development, but it is not yet clear whether nals; neural induction by noggin is, in this sense, direct.
members of this family induce neural tissue in vivo by Moreover, at gastrula stages, noggin is expressed excluthemselves, or act in conjunction with other organizer sively in the organizer region, as expected of a neural factors. inducer. Soon after, a second candidate, follistatin, was Thus, work in Xenopus has uncovered at least four proposed. Previously described in other vertebrate sysand perhaps as many as six molecules that meet two tems as a secreted antagonist of the growth factor acof the criteria for an endogenous neural inducer: exprestivin (Nakamura et al., 1990) , follistatin was found to be sion at the right time and place, at least at the RNA level expressed in the organizer region in Xenopus; and, like (localized protein expression has also been shown for noggin, follistatin RNA can neuralize competent ectochordin; see , and the capacity to derm .
divert competent ectoderm to a neural fate. It is worth Somewhat later, a third strong candidate, given the noting that four of the candidate neural inducers can name chordin, emerged from a search for RNAs exmimic another central activity of Spemann's organizer, pressed primarily in the dorsal lip (organizer) region (Sathe dorsalization of ventral mesoderm. (This capacity sai et al., 1994) . Chordin, too, is a powerful neural inwas also revealed by the dorsal lip transplantation exducer, when provided either as RNA or protein (Sasai periment: in addition to a nervous system, the secondary et . Although chordin was axis induced by the graft contains dorsal mesodermthought, at the time of its initial publication, to be a novel notochord and somitic muscle-derived from ventral secreted protein, a distant resemblance to the product cells of the host.) This has been demonstrated directly of the early Drosophila patterning gene short gastrulausing noggin and chordin proteins ; tion (sog) was soon noted (Francois and Bier, 1995) , and , and somewhat less rigorously by it has been shown that the two proteins can in fact injection of follistatin and Xnr3 RNAs ; substitute for one another (Holley et al., 1995) . Crucially, . Subsequent developments have prosog had been genetically characterized as an antagonist vided a persuasive explanation for this observation, as of dpp (Ferguson and Anderson, 1992; Wharton et al., will become clear. 1993), the Drosophila homolog of the vertebrate bone morphogenetic proteins BMP2 and BMP4. (The BMPs Neural Inhibition, BMPs, and the Neural are, like activin, members of the TGF␤ superfamily of Default Model growth factors.) The mechanism of this antagonism was
The second line of inquiry leading to the new undernot known. Very recently, a fourth candidate has been standing of neural induction can be traced, with hinddescribed. Xnr3, itself a variant member of the TGF␤ sight, to work performed a decade ago, exploring the family, is expressed in the outer ectodermal layer of the effect of cell dissociation on cell fate in the early embryo. organizer and can induce neural (Early amphibian embryos or dissected tissues are easily tissue when provided as RNA (Hansen et al., 1997) .
dissociated by culture in calcium-and magnesium-free Neural induction by two additional secreted factors media; reaggregation occurs spontaneously when these has been reported, although some ambiguities remain ions are restored.) Using somewhat different experimenfor each. A novel secreted protein, cerberus, is extal designs and pursuing different objectives, three pressed in the extreme anterior endomesodermal dogroups independently observed that ectodermal cells, main of the organizer during gastrulation, and can insubjected to prolonged dissociated culture during gasduce well-differentiated neural tissue in animal cap trula stages, expressed neural markers or formed histoexplants, as well as secondary heads in whole embryos logically recognizable neural tissue after reaggregation (Bouwmeester et al., 1996) . Injected animal caps also (Godsave and Slack, 1989; Grunz and Tacke, 1989 ; Sato express at least one mesodermal marker, however, sugand Sargent, 1989) . This result was a considerable surgesting that neural induction by cerberus may not be prise because, in all cases, the ectoderm had been isodirect. Finally, two groups have reported direct neural lated from contact with the organizer, the known source induction by basic FGF (FGF-2), a member of a wellof neuralizing signals. One group, working with dissocistudied group of peptide growth factors (Kengaku and ated whole embryos, attributed their finding to the perOkamoto, 1993; Kengaku and Okamoto, 1995; sistence of neural inducing signals despite dissociation and . Two other members of this family, (Sato and Sargent, 1989) . The two other groups sugXint-2 (FGF-3) and eFGF (FGF-4), with similar activity gested another possible interpretation: the existence of in other assays, are expressed in the gastrula stage extracellular inhibitors of neural specification within the mesoderm (Slack et al., 1996) . However, neural induction ectoderm itself, which were lost on dissociation (Godby FGF apparently requires at least partial disaggregation of the responding ectoderm, which may by itself save and Slack, 1989; Grunz and Tacke, 1989; Godsave Intact explants of prospective ectoderm (animal caps), cut from blastula or gastrula stage embryos, form only epidermis (Holtfreter and Hamburger, 1955; Nieuwkoop, 1969) . However, explants that are dispersed for several hours during gastrulation develop as neural tissue instead, after reaggreagation and culture (Grunz and Tacke, 1989) . BMP4 can suppress the neuralization of dispersed cells and restore epidermal differentiation, suggesting that endogenous BMP signaling may impose epidermal fate in intact ectoderm (Wilson and HemmatiBrivanlou, 1995) .
and Slack, 1991). In fact, it was subsequently reported tested for the ability to suppress neuralization and rethat neural development after dissociated culture could store epidermal specification, thus replacing endogebe suppressed by a concentrated ectodermal supernanous signals lost on dispersion. This strategy led first to tant (Grunz and Tacke, 1990) . This putative endogenous the finding that activin cannot by itself induce epidermis, neural inhibitor was not further characterized at the time.
although it can inhibit neuralization by inducing mesoThese experiments, however, provided the first hint that derm (Wilson and Hemmati-Brivanlou, 1995) . However, neural development in vertebrates might be under inhibianother member of the TGF␤ superfamily, BMP4, proved tory control.
to be a potent epidermal inducer and suppressor of The intriguing possibilities raised by the dissociated neuralization in dissociated cells, acting at picomolar cell work were given new force by the discovery that concentrations (Figure 1 ; Wilson and Hemmati-Brivanectodermal explants were neuralized by expression of lou, 1995). The apparent contradiction between these a dominant-negative version of the activin receptor findings and the neuralizing activity of the dominant-(Hemmati-Brivanlou and Melton, 1992; Hemmati-Brivannegative activin receptor was resolved by the demonlou and Melton, 1994). Here again, ectoderm adopted a stration that this receptor also blocks BMP4 signaling in neural fate in the absence of neural inducing signals the dissociated cell assay. More recently, this approach from Spemann's organizer. Moreover, as in the case of has been used to show that two related molecules, cell dissociation, the neuralizing treatment apparently BMP2 and BMP7, can also induce epidermis, although acted not as a positive signal but by inhibiting signaling the concentrations at which they are active have not yet within the ectoderm. These findings, coupled with the been defined (Suzuki and Hemmati-Brivanlou, unpubearlier cell dissociation experiments, led to the formulalished data). The expression pattern of the BMPs in tion of a new model of cell fate determination in the Xenopus embryos is in accord with their proposed role gastrula ectoderm, in which a previously unsuspected signaling mechanism within the ectoderm imposed an as neural inhibitors. BMP4 RNA is found throughout epidermal fate. When this signaling was interrupted in the ectoderm at the start of gastrulation, subsequently some way (for example, by the dominant-negative acdisappearing from the prospective neural plate (Fainsod tivin receptor or by cell dissociation), cells assumed a et al., 1994; Hemmati-Brivanlou and Thomsen, 1995; neural fate. The model proposed, furthermore, that neuSchmidt et al., 1995) . BMP7 is also strongly expressed ral inducers from the organizer might work by locally in both dorsal and ventral gastrula ectoderm, while antagonizing these epidermalizing signals, allowing dor-BMP2 is present at lower levels (Hemmati-Brivanlou and sal ectoderm to follow its "default" neural fate. MoreThomsen, 1995; Hawley et al., 1995) . Moreover, not only over, the neuralizing activity of the dominant-negative can BMPs induce epidermal fate in vitro, but inhibition activin receptor suggested activin, or a related molecule of endogenous BMP signaling neuralizes ectodermal also blocked by the mutant receptor, as the endogenous explants. This has been demonstrated in several ways, neural inhibitor. This reasoning prompted the cloning of including the use of a dominant-negative receptor (Sasai Xenopus follistatin, which also proved to possess neural et al., 1995; Suzuki et al., 1995; Xu et al., 1995) , dominant inducing activity (see above; Hemmati-Brivanlou et al., negative BMP4 or BMP7 ligands (Hawley et al., 1995 (Hawley et al., ), 1994 . and antisense BMP4 RNA . Moreover, The dissociated cell system suggested a convenient injected BMP4 RNA can block chordin-induced neuraliassay for the epidermal inducer implied by these experization . Thus, considerable evidence ments. By adding purified proteins to dissociated cultures of gastrula ectoderm, candidate factors could be now supports the hypothesis that neural specification part, by blocking BMP signaling in neighboring ectoderm by direct binding, and that this is sufficient to permit the initiation of neural development. The picture for follistatin is less clear; inhibition of BMP7 has been reported (Yamashita et al., 1995) , but an interaction with BMP4 has yet to be detected. One as yet untested possibility is that follistatin functions in neural induction by binding BMP4/7 heterodimers. For its part, Xnr3 has been proposed to act by forming nonfunctional heterodimers with BMPs (Hansen et al., 1997) , which would allow this organizer factor to be classed with noggin and chordin as a BMP antagonist. However, since TGF␤ dimers are thought to form intracellularly (Hogan, 1996) , such a mechanism might be difficult to reconcile with the non-cell-autonomous action expected of a Spemann's organizer neural inducer. Almost nothing is known about how cerberus works, although there are hints that this factor might not act simply as a BMP antagonist (Bouwmeester et al., 1996) . Finally, neural induction by FGFs, if it proves real, would presumably work through the well-characterized FGF receptors and signal transduction pathways.
The discovery of the role of BMP signaling in inducing epidermis and inhibiting neural fate, the characterization of several promising organizer neural inducers, and the finding that these factors may act by binding and antagonizing BMPs, together offer a compelling solution to the classical mystery of vertebrate neural induction (Figure 2) . Much evidence from amphibian embryos now supports what can be called the "neural default" model of ectodermal fate choice, in which cells of the gastrula ectoderm will adopt a neural plate identity in the absence of extracellular influences. Moreover, it is clear that BMP signaling within the ectoderm suppresses neu- within the mesoderm (Harland, 1994; Hogan, 1996) nizer, accompanied already by insight into their mechanism of action, can be seen both as a success of modern is under inhibitory control, and that one or more memmolecular developmental biology and as a satisfying bers of the bone morphogenetic protein family mediates vindication of classical embryology and its predictions. this inhibition in vivo.
Remaining Issues The Reconciliation: Neural Inducers
Although the new understanding of neural induction as BMP Antagonists seems persuasive in general terms, a number of imporHow, then, do neural inducers from the organizer act, tant issues remain to be resolved. First, although chordin in light of evidence for a default neural pathway? What and noggin have been shown to bind BMPs, can we is the nature of the relationship between these factors conclude that this is their only mode of action? Will all and the BMPs? Both questions have apparently been neural inducers prove to act in this way? Although it is, answered, at least for noggin and chordin, by the discovof course, difficult to rule out other effects in principle, ery that these factors directly bind BMP4 and prevent several indirect arguments suggest that BMP binding is, it from activating its receptor Zim- at least, sufficient to explain the neural inducing action of merman et al., 1996) . Noggin binds to BMP4 and BMP2 noggin and chordin. The most compelling point is that strongly, and to BMP7 with a somewhat lower affinity, inhibition of BMP signaling, by a variety of different while chordin apparently binds BMP4/7 heterodimers means (see above), also generates neural tissue. Moreas well as BMP4 and BMP2 homodimers. Thus, it apover, neural tissue induced by the known organizer factors appears to have the same anterior character as that pears that these factors exert their effects, at least in produced by other methods of BMP inhibition, as well from other vertebrate species, there have been few functional tests so far, and some recent work on chick emas by dissociation (see After Neural Induction). Although bryos suggests there may be important differences each treatment might act in additional unintended ways, (Streit et al., 1997) . In the mouse, suggestive evidence it is unlikely that all share a secondary mode of action comes from experiments on P19 embryonic carcinoma with each other and with noggin and chordin. Moreover, cells, showing that BMP4 can both induce epithelial in Drosophila, the phenotype of dpp/sog double mutant keratin expression and inhibit neuralization by retinoic embryos is indistinguishable from that of single dpp acid (Hoodless and Hemmati-Brivanlou, 1997) . Of the mutants (Holley et al., 1995) . Although by no means candidate organizer factors, only follistatin and FGF-4 decisive, this observation also argues that sog and its have been knocked out by homologous recombination; homolog, chordin, probably act solely by antagonizing follistatin-deficient mice survive until birth with grossly BMPs. Finally, a monoclonal antibody that blocks nognormal nervous systems (Matzuk et al., 1995) , while loss gin's neural inducing activity also prevents binding to of FGF-4 is lethal before nervous system development BMP4 (Zimmerman et al., 1996) .
can begin (Feldman et al., 1995) . Neither zygotic BMP2, A second set of issues concerns the growing number BMP4, or BMP7 is, by itself, absolutely required for epiof neural inducers and inhibitors. Since the known neural dermis formation, yet mice without the type I BMP reinducing organizer factors (with the possible exception ceptor die very early (Hogan, 1996) . Thus, redundancy of cerberus and FGF) appear, so far, to act in a similar and early lethality conspire to limit the usefulness of fashion, why are there so many? Each appears to be these studies; multiple knockouts will tell us more, in sufficient to neuralize competent ectoderm, at least some cases. The recent characterization of dorsal-venwhen provided at high enough concentration; none has tral patterning mutants in the zebrafish suggests conseryet been shown to be required. In the same way, the vation of basic mechanisms with Xenopus. Mutants in evidence that more than one BMP may be available the cerebum gene, which is likely to be a chordin homoin the gastrula ectoderm to induce epidermis prompts log, have reduced neural structures (Fisher et al., 1997) . similar questions of redundancy, sufficiency, and necesAnother mutant, dino, showing similar defects, can be sity. The published data already present paradoxes. Exphenocopied by injection of BMP4 RNA and rescued pression of either BMP4 or BMP7 dominant-negative by expression of a truncated BMP receptor or noggin ligand is sufficient to neuralize animal caps (Hawley et (Hammerschmidt et al., 1996) . Further work in various al., 1995), implying, on its face, that both are required vertebrates is essential, both to understand how mechafor epidermal determination; yet dissociated cell experinisms of neural induction may vary among organisms ments suggest that either protein is sufficient, on its and to provide vital confirmation and extension of the own, to specify epidermis. Similarly, BMP4 antisense Xenopus findings. RNA neuralizes , although BMP7 is apparently abundant in the early ectoderm (Hawley et The Neural Default Model: Definitions al., 1995). The situation seems certain to become more and Implications complicated, as more BMPs and perhaps more endogenous antagonists are identified. In addition, BMPs can
There is now substantial agreement on the broad outform heterodimers, which may have distinct activities lines of amphibian neural induction, featuring the central (Aono et al., 1995; Suzuki et al., 1997) . Much of this roles of BMP signaling and BMP antagonists secreted redundancy may reflect the rather simple assays that by the organizer. Yet the same set of facts are presented have been used so far; the various epidermal and neural in somewhat different lights, and semantic issues have inducers may prove to have distinct roles in the gastrula led to confusion. The notion of a default neural fate, in ectoderm, for example, in the specification of neural particular, has been a focus of contention. This essay plate border cell types (Liem et al., 1995; Wilson et al., would seem to offer an ideal opportunity to attempt to unpublished data). Making sense of this complexity will clarify some of these issues. We can begin by defining require more information on the expression of the varia default fate as the fate adopted by a cell when it is ous BMPs, ideally at the protein level, and on the speciisolated from all extracellular signals. This is, of course, a ficity of the various BMP antagonists, endogenous as strictly embryological definition, fundamentally distinct well as experimental.
from genetic uses of the term. Furthermore, the concept Another crucial question concerns the degree to of a default fate can be usefully restricted in space and which the new understanding of neural induction, detime, to refer to a particular cell population at a particular rived from work in Xenopus, will apply to other vertedevelopmental stage. In particular, the evidence sugbrates as well. Our emerging understanding of the basic gests that neural plate is the default fate of gastrula principles of vertebrate development argues that a proectoderm cells, in the sense that this first step in neural cess as fundamental as the establishment of the nervous development requires only the absence of epidermal system is unlikely to occur by radically different mecha-(and earlier, mesodermal) inducing signals. The idea of nisms in the same phylum. Moreover, the interaction of neural differentiation as a default fate can be extended chordin (sog) and BMP (dpp) seems to play a similar in time and space, to include the hypothesis that later role in the establishment of a neurogenic region of the steps in neurogenesis also require only the absence of ectoderm in Drosophila, suggesting a very broad coninhibitory signals, or the possibility that neural developservation of basic mechanisms (Holley et al., 1995) . On ment might be the default fate of cells from other regions the other hand, although homologs of many of the Xenoof the gastrula. Although these are intriguing possibilities, and some data exists to support each, these more pus neural inducers and inhibitors have been cloned global concepts can be clearly distinguished from the three rather different scenarios of neural/epidermal specification, and to explore, a little, the consequences neural default hypothesis in its restricted sense.
Although the term is freighted with alternate meanof each. These alternatives are presented graphically in Figure 3 . All assume that the default fate of gastrula ings, default fates, in the sense we have defined here, are implicit in traditional embryological thinking about ectoderm cells is neural, that BMP signaling is required for epidermal specification, and that endogenous neural inductive interactions and cell fate choice. The cells of early embryos face a hierarchical series of fate choices; inducing signals act by antagonizing this signaling in some way. These are of course only rather abstract induction is involved when a particular decision is made under the influence of extracellular signals (Slack, 1983;  frameworks for thinking about cell fate choice in this system, not fully fleshed-out models. Nieuwkoop et al., 1985) . In general, responding cells adopt one fate when exposed to an inducing signal of sufficient strength, and another in its absence. The latter Epidermal Induction path of development can be defined as the default for
The first possibility is that epidermis is induced by a this inductive interaction. In this sense, for example, BMP signal, and that this induction is of a traditional ectodermal development is the default fate of the early kind. That is, there is a period of competence for epideranimal hemisphere cells at the time of mesoderm inducmal induction, and a signal of sufficient strength retion, and head epidermis is the default fate of ectodermal ceived at any time during this period leads to epidermal cells that would form lens in response to appropriate commitment. Consistent with this picture is the observasignals. Thus, this definition entails no more than the tion that prolonged dissociation is required to neuralize idea that failure to receive a certain inductive signal the ectoderm, implying that the cells must be isolated generally implies commitment to an alternative, uninfrom intercellular signaling throughout a substantial induced state. In principle, this need not be the case, and terval (Grunz and Tacke, 1989; Wilson and Hemmatiit does not apply, for example, to so-called permissive . In this case, it would make little sense inductions, in which cells remain in a committed but to speak of competence for neural induction, since this undifferentiated state in the absence of an inducing sigwould no longer be a discrete event. BMP antagonists nal. Nor does it apply to many immortalized cell lines, from the organizer would have to act throughout the which can exist indefinitely in an uncommitted, responperiod of epidermalizing competence to protect against sive condition. But, at least in early amphibian developepidermal induction. This is not, at least at first glance, ment, defined default fates seem to be the rule.
reconcilable with the classical literature on neural comClosely linked to this special feature of embryonic petence, which finds that ectoderm can be neuralized cells is the central concept of competence, the idea that rather late in gastrulation, when it would almost certainly the capacity to respond to an inducing signal (and to have been exposed to BMP signals (Holtfreter and Hamsend one) is limited in space and time (Nieuwkoop et burger, 1955; Servetnick and Grainger, 1991) . Moreover, al., 1985; Gurdon, 1987) . In general, only certain cells in this simple epidermis induction model implies that there the embryo can respond to a certain signal, and the would be no early response to neural induction. Instead, time during which this response can occur has a definite there would be an early response to epidermal induction; and predetermined end. (In some cases, the end of comcommitment to neural fate and irreversible neural-spepetence may itself be regulated by external signals; see, cific gene expression would occur only at the expiration for example, Streit et al., 1997.) Thus, the choice of cell of epidermal competence, by analogy with default states fate must be made during a defined interval, after which in other inductive interactions. the decision is irreversible and cells are said to be committed to one fate or the other. From this follows an Signal Interruption interesting and under-emphasized feature of embryonic An alternative model would be that epidermal specificainduction: the mechanism and the timing of commitment tion requires continuous BMP signaling, perhaps to to the alternate fates, induced and uninduced, are fundamaintain an ongoing repression of a set of early neural mentally asymmetric. While sufficient exposure to the genes. If this signaling is interrupted for a sufficient peinducing signal can lead to commitment at any time riod, irreversible neuralization occurs, even if cells are during the period of competence, commitment to the exposed to BMP before and after the interruption. Aldefault fate can occur only at its end, when, by definition, though here the default fate is still neural and epidermal exposure to the signal can no longer reverse the choice. specification still requires BMP signals, in other respects Moreover, the intracellular machinery of commitment to the traditional picture is restored. Neural commitment the induced fate is set in motion in response to the would be a more or less discrete event that could occur extracellular signal, while that of the default fate must at any point during a period of competence, and a modibe initiated by cell-autonomous processes linked, in fied sort of early response could take place, following some way, to the regulation of competence.
the interruption of BMP signaling. This scenario is, at When the hypothesis of neural induction by BMP inhifirst glance, more consistent with classical observabition is examined in the light of these general considerations, but not with the requirement for prolonged dispertions, several issues arise. For example, in such a syssion. We know of no direct precedent for such a mechatem, what would be meant by competence for neural nism, in which a set of selector genes are under induction? What would be the early response to neural continuous repression by extracellular signaling. The induction, if such a response exists at all? How would silencer-binding factor REST is apparently responsible commitment to either epidermal or neural fate happen, and when would it take place? We would like to propose for repressing various neuron-specific genes in various We propose three general ways in which in which ectodermal cells might choose between neural and ectodermal fates in response to BMP signaling, with different consequences for the nature of competence and commitment. The three models are described in more detail in the text. In each case, neural is the default fate of cells in the absence of all BMP activity, and neural inducers act by reducing or interrupting the BMP signaling experienced by ectodermal cells. In the scenario diagrammed at the top, cells that receive a BMP signal of sufficient intensity at any time during a period of competence (blue bar) become committed to form epidermis (left). Cells that do not receive a BMP signal (1), or receive a signal after competence has expired (2), form neural tissue (right); commitment occurs at the end of competence. In the signal interruption model, epidermal specification requires continuous BMP activity (left). If this signaling is interrupted at any time during a certain period (red bar), cells become committed to neural development (right). Interruption that happens too late has no effect (left: 2). Finally, cells could evaluate the total amount of BMP activity throughout a critical period, represented by the area under the curves in the bottom drawings. In this case, a brief exposure to a strong signal (right) might not be as effective in specifying epidermis as weaker signaling of longer duration (left).
nonneuronal cell types, but it is not yet clear whether it plate stage (Saha and Grainger, 1992 (Hamburger, Anderson, 1995 ). 1988 . These studies led to two main hypotheses. The activation-transformation model proposes that one orSignal Accumulation ganizer signal induces anterior neural tissue (forebrain), Finally, we would like to propose a third model, in which while a second "caudalizing" signal, produced mainly the choice of cell fate is made at the end of the critical by posterior parts of the organizer, acts on the newly period on the basis of some measure of accumulated neuralized ectoderm to give it a progressively more pos-BMP signaling. Above a certain threshold, epidermal terior character (midbrain, hindbrain, and, finally, spinal specification occurs; below it, the cells become neural.
cord; Nieuwkoop et al., 1985) . A second class of models In this scheme, the asymmetry between default and suggests that distinct organizer signals directly induce induced fates disappears; neither can be fixed during a neural tissue of a different AP type (Hamburger, 1988) . discrete event, yet events taking place at any time during Thus, in both models, initial AP subdivision is intimately competence can influence the outcome in either directied to neural induction. Recent work in this area has tion. Although this, too, is a relatively unconventional been reviewed elsewhere (Doniach, 1995; Lumsden and way of thinking about inductive interactions, which are Krumlauf, 1996); we will restrict ourselves to the implicagenerally thought to involve rapid and, in some cases, tions of the new findings on neural induction. irreversible intracellular consequences of exposure to
In this context, the central observation is that the extracellular factors, there is some evidence suggesting recently characterized neural inducing factors specify that cells may respond in this way. In the well-studied only anterior neural tissue, promoting expression of case of mesoderm induction by activin, the response forebrain and perhaps midbrain, but not hindbrain and of competent cells to extracellular ligand concentration spinal cord markers (Lamb et al., 1993 ; Hemmati-Brivanhas been well-characterized (Green et al., 1992) . A fealou et al., 1994; Sasai et al., 1995; Bouwmeester et al., ture of this response is that time of exposure can substi-1996; Hansen et al., 1997) . The same is true of other tute for higher concentration (Green et al., 1990) . That neuralizing treatments, such as cell dissociation and is, longer exposure to a low dose is equivalent to shorter expression of dominant-negative BMP receptors and exposure to a high dose. This observation implies that ligands (Grunz and Tacke, 1989; Hawley et al., 1995 ; Xu cell response to activin, a TGF␤ family member like the et al., 1995). Basic FGF has been reported to directly BMPs, involves an ability to somehow integrate total induce posterior neural tissue (Kengaku and Okamoto, exposure to signal, rather than a one-time evaluation of 1995; Lamb and Harland, 1995) , but other interpretations extracellular concentration.
have been offered for these observations (Doniach, Distinguishing among these possibilities will require 1995). Moreover, three candidate caudalizing factors at least two kinds of experimental work. On one hand, have been proposed: retinoic acid (or a related retinoid), traditional approaches to studying competence should Xwnt3A, and FGF itself (Doniach, 1995; Lumsden and be applied to epidermis induction by BMPs, using the Krumlauf, 1996) . Thus, recent findings are most consisdissociated cell system. This strategy should determine tent with a modified version of the activation-transforthe timing and duration of signaling required for epidermation model, in which BMP inhibition by organizer facmal specification. On the other hand, the identification tors is sufficient to initiate anterior neural development, of early response genes, in either the epidermal or the while caudalizing factors act in conjunction with BMP neural pathway, will provide insight into cellular reantagonists to specify more posterior regions. Note that sponse to BMP signaling or its absence.
this model implies that cell-autonomous "default" pathways must initiate expression of anterior neural markers, After Neural Induction such as the homeobox gene Otx2, as well as general neural markers like NCAM. It remains possible, however, The discovery of the central role of BMP signaling and that other organizer factors will be found that can diorganizer BMP antagonists has given us a promising rectly induce posterior neural tissue through a distinct model of neural induction, the first step in the formation pathway not involving BMP inhibition. of the vertebrate nervous system. The next phase in neural development primarily involves three processes: regional subdivision (anterior-posterior and dorsal-venDorsal-Ventral Patterning tral patterning), cell type specification (neuro-and glio-
The developing nervous system is also patterned along genesis), and morphogenesis. (Axonal migration and the the dorsal-ventral (DV) axis (the mediolateral axis of the establishment of connections begin somewhat later.) open neural plate). Much has been learned recently conAlthough detailed discussion of these topics is, of cerning the earliest steps in this subdivision, particularly course, beyond the scope of this review, we will briefly in the spinal cord (Tanabe and Jessell, 1996) . In this consider how neural induction might be linked to each system, it is not clear that a particular DV positional set of succeeding events.
identity can be considered a ground or default state, since specification of both dorsal and ventral cell types seems to require signals from neighboring tissues (epiAnterior-Posterior Patterning The anterior-posterior (AP) subdivision of the future nerdermis and notochord, respectively). Moreover, the DV character of neural tissue produced by BMP inhibition vous system begins early, at least by the open neural alone is not clear. Ectodermal explants neuralized by into a tube, and greatly elongate the neural axis. These processes involve specialized cell behaviors that must noggin express both ventral and dorsal forebrain markbe regulated and patterned, and which must be reguers, implying either that noggin directly induces neural lated in some way by neural induction. A fundamental tissue of at least two types, or that ectoderm exposed question is whether these and other morphogenetic proto this factor can self-organize to some degree (Knecht cesses in early development are induced and patterned et al., 1995) . Ectoderm neuralized by other organizer by the same signals that control cell fate and differentiafactors or by other forms of BMP inhibition has not been tion, or by a parallel set of signals. This is the classical characterized in this way. In any case, since neuralizing issue of ''dynamic'' versus ''material'' determination factors generally induce only forebrain, in which the (Spemann, 1938) . basis of DV pattern formation is less well understood,
The earliest steps in vertebrate neural morphogenesis the results of studies of spinal cord patterning cannot are convergent extension (the elongation and narrowing be brought directly to bear on this question. A promising of posterior regions of the prospective nervous system); way to address the relation of initial neural induction to the formation of the neural plate by columnarization of DV patterning would be to examine expression of dorsal the epithelium; and neurulation itself, the bending and and ventral markers in posterior neural tissue produced rolling of the plate into a tube. Convergent extension by the joint action of a BMP antagonist and a caudalizing begins in early gastrula stages in Xenopus (later in other factor.
vertebrates), continues through neurula stages, and transforms the prospective hindbrain and spinal cord Neurogenesis from a short wide crescent, at the time of neural inducAs the neural plate is being subdivided along the AP tion, to a narrow structure spanning much of the axis and DV axes, patterning mechanisms must also specify (Keller et al., 1992) . These movements are known to neuronal and other cell types within the neural plate. In result from active mediolateral cell intercalation, as in Drosophila, determination of neural precursor cells rethe posterior dorsal mesoderm, but neither their cell lies on a class of positively acting helix-loop-helix tranbiological and molecular basis nor the mechanism of scription factors, called proneural genes, and on a systheir guidance are understood (Keller et al., 1992) . Contem of lateral inhibition mediated by the so-called tact with the organizer can induce convergent extension neurogenic genes (for reviews, see Jan and Jan, 1994;  in ventral ectoderm; these signals are required until midCampos-Ortega, 1995). Homologs of many of these gastrulation for maintenance of the movements on the genes have been found in vertebrate species, and recent dorsal side (Sater et al., 1993) . Ectodermal explants inwork, again mostly in Xenopus, suggests that they may duced by noggin, chordin, or other BMP inhibitors do not play conserved roles in vertebrate neurogenesis (Chitnis elongate, but these treatments by themselves produce and Kintner, 1995; Lee, 1997) . However, the connection only anterior neural tissue (forebrain; see above), which between these genetic steps in cell type determination does not extend in the embryo (Keller et al., 1992) . Exand the default pathway of neural induction remains plants exposed to both noggin and FGF express postealmost entirely unexplored. The question is complicated rior neural markers and elongate (Lamb and Harland, by the fact that neural induction by BMP inhibition pro-1995). Thus, posterior neural fate and the cell behaviors duces anterior neural tissue, while in Xenopus the first underlying convergent extension can be triggered exneurons are born in more posterior parts of the neural perimentally by the same combination of a neural inplate (Hartenstein, 1989; Papalopulu and Kintner, 1996) . ducer and a caudalizing factor, although distinct signalLater, of course, neurons form in all AP regions. Thus, ing pathways may operate in the embryo. The induction the timing of neurogenesis is closely tied to patterning of extension poses a particular challenge in Xenopus, along the AP axis. In fact, animal cap explants exposed where these movements begin very early (Keller et al., to both noggin and the caudalizing factor retinoic acid 1992), before the expression of any known neural marker form neurons far earlier than caps induced by noggin and before commitment to neural fate is generally alone (Papalopulu and Kintner, 1996) . The pattern of thought to have occurred. early neurogenesis is regulated along the DV axis as Both neural plate formation and neurulation itself inwell, and it is reasonable to assume that this is accomvolve a complex combination of locally autonomous cell plished, at least in part, by the same signaling mechashape changes and the mechanical effects of neighnisms that regulate other aspects of DV pattern in the boring tissues (Schroeder, 1970; Jacobson and Gordon, neural plate and tube. Therefore, the expression of 1976; Schoenwolf and Smith, 1990) . Since these morproneural genes, which prefigures and perhaps deterphogenetic movements, unlike convergent extension, mines the pattern of neurogenesis (Ma et al., 1996) , must take place in the anterior as well as the posterior neural be under very complex control, as it is in Drosophila plate, it is possible that some of the underlying cell (Skeath and Carroll, 1994) . It is likely that this control behaviors might be regulated by cell-autonomous dewill involve both positive and negative elements, again fault mechanisms when BMP signaling is inhibited. Howas in Drosophila, with BMP signaling, in early gastrula ever, neurulation cannot be assayed in conventional stages, acting to inhibit expression in the nonneural animal cap explants; the geometric and mechanical conectoderm.
text, dominated by healing movements, is too abnormal. In summary, the control of neural morphogenesis and its Morphogenesis relationship to neural induction and patterning present Finally, neural development involves morphogenesis, fascinating and unexplored questions, whose resolution the integrated series of cell movements and tissue diswill require both conceptual and experimental innovation. tortions that create the neural plate, bend and roll it thinking of the cellular choices underlying this inductive Gerhart, J. (1996) . Johannes Holtfreter's contributions to ongoing event. In the neural default model derived from these studies of the organizer. Dev. Dyn. 205, [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] [255] [256] new findings, cell-autonomous mechanisms of neural Gimlich, R.L., and Cooke, J. (1983) . Cell lineage and the induction specification are suppressed by local inhibitory signalof second nervous system in amphibian development. Nature 306, 471-473. ing, except where the inhibition is itself blocked by orga- vertebrate neural development. It remains to be seen if Cell 71, [731] [732] [733] [734] [735] [736] [737] [738] [739] the new model of neural induction, built almost entirely Grunz, H., and Tacke, L. (1989) . Neural differentation of Xenopus on Xenopus work, can be extended to other vertebrates.
laevis ectoderm takes place after disaggregation and delayed reagEven within the amphibian context, many surprises are gregation without inducer. Cell Differ. Dev. 28, [211] [212] [213] [214] [215] [216] [217] [218] possible, and BMP antagonism may yet prove only one Grunz, H., and Tacke, L. (1990) . Extracellular matrix components of several paths to neural fate. Moreover, we know alprevent neural differentiation of disaggregated Xenopus ectoderm most nothing of how initial neural specification leads cells. Cell Differ. Dev. 32, [117] [118] [119] [120] [121] [122] [123] [124] into the fundamental processes of neural development Gurdon, J. (1987) . Embryonic induction-molecular prospects. Develthat follow soon on its heels, such as regional patterning, opment 99, 285-306. neurogenesis, and morphogenesis. The emergence of
